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Human cytomegalovirus (HCMV) virions are structurally complex, and the mechanisms by which they are assembled are poorly
understood, especially with respect to the cytoplasmic phase of assembly, during which the majority of the tegument is acquired
and final envelopment occurs. These processes occur at a unique cytoplasmic structure called the assembly complex, which is
formed through a reorganization of the cellular secretory apparatus. The HCMV tegument protein UL99 (pp28) is essential for
viral replication at the stage of secondary envelopment. We previously demonstrated that UL99 interacts with the essential tegu-
ment protein UL94 in infected cells as well as in the absence of other viral proteins. Here we show that UL94 and UL99 alter each
other’s localization and that UL99 stabilizes UL94 in a binding-dependent manner. We have mapped the interaction between
UL94 and UL99 to identify the amino acids of each protein that are required for their interaction. Mutation of these amino acids
in the context of the viral genome demonstrates that HCMV is completely defective for replication in the absence of the interac-
tion between UL94 and UL99. Further, we demonstrate that in the absence of their interaction, both UL94 and UL99 exhibit ab-
errant localization and do not accumulate at the assembly complex during infection. Taken together, our data suggest that the
interaction between UL94 and UL99 is essential for the proper localization of each protein to the assembly complex and thus for
the production of infectious virus.

Human cytomegalovirus (HCMV) is a ubiquitous member of
the betaherpesvirus family. HCMV infection is predomi-

nantly asymptomatic in healthy individuals but is a significant
cause of morbidity and mortality in those with compromised im-
mune function. Further, congenital HCMV infection can lead to
severe and permanent disability in infected children and is the
leading infectious cause of congenital birth defects in the United
States (14).

HCMV encodes at least 25 tegument proteins that are incor-
porated into the virus particle during virion assembly (4, 11, 28).
These tegument proteins are released into the host cell upon in-
fection and thus are available to function immediately, prior to the
onset of viral gene expression. However, many tegument proteins
function in the late phase of infection and are essential for proper
virion assembly and morphogenesis (1, 16, 20, 24, 25). Despite a
growing number of reports identifying viral proteins that are es-
sential for these processes, the molecular mechanisms by which
HCMV particles are assembled remain poorly understood.

Many HCMV tegument and glycoproteins localize late in in-
fection to a juxtanuclear structure unique to HCMV infection that
is referred to as the assembly complex (AC). The AC is formed
through a dramatic relocalization of various components of the
cellular secretory apparatus and is thought to be the site of cyto-
plasmic tegumentation and particle envelopment (6, 9, 13, 18).
While the formation of the AC is a well-documented phenome-
non, the events that occur in the AC and that result in the forma-
tion of mature virus particles remain elusive. Although the mech-
anisms of virion assembly are not well understood, these processes
are thought to be mediated largely by protein-protein interac-
tions.

We and others have reported an interaction between the tegu-
ment proteins UL94 and UL99 (12, 15, 27). This interaction oc-
curs during infection as well as in the absence of other viral pro-
teins. UL94 and UL99 are herpesvirus core genes that are
conserved among all members of the herpesvirus family. In addi-

tion to their conservation at the genetic level, the interaction be-
tween UL94 and UL99 homologs also appears to be conserved (7,
29). This high level of evolutionary conservation suggests that the
interaction between these tegument proteins plays an important
role in viral replication. However, it should be noted that some
UL94 and UL99 homologs are not essential for the replication of
other herpesviruses in cell culture (2, 3, 17), whereas deletion of
UL94 or UL99 results in a complete block in HCMV replication at
the stage of secondary envelopment (16, 24). Therefore, it is likely
that the function(s) of UL94 and UL99 during HCMV replication
is different from or nonredundant with that of their homologs in
other herpesviruses.

UL99 is essential for final envelopment of virions in the cyto-
plasm. In the absence of UL99, early events of virus replication,
including viral gene expression and DNA replication, proceed
normally. However, late in infection, partially tegumented, non-
enveloped, DNA-containing nucleocapsids accumulate in the cy-
toplasm (24). Thus, a UL99-deletion mutant is incapable of pro-
ducing infectious extracellular virus. We recently showed that the
phenotype of a UL94-null virus is virtually identical to that of
previously characterized UL99-deletion mutants (16). In addition
to the absence of enveloped virions in the cytoplasm, we also dem-
onstrated that UL99 exhibits aberrant localization in the absence
of UL94 expression. This observation is consistent with the results
of a previous study showing that the proper localization of UL99
to the AC during infection requires the function of another viral
late gene (23). Based on these data, we hypothesize that the inter-
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action between UL94 and UL99 is essential for the proper local-
ization of UL99 to the AC and thus for HCMV replication.

To test this hypothesis, the amino acid residues of both UL94
and UL99 that are involved in their interaction were identified
through mutagenesis of each protein. Mutations in either UL94 or
UL99 that were found to abolish their interaction were then in-
corporated into the viral genome. The resulting mutant viruses
were completely defective for replication. Further phenotypic
analysis of these mutants indicates that both UL94 and UL99 ex-
hibit aberrant localization and do not accumulate at the AC in the
absence of their interaction. Taken together, these data suggest
that the interaction between UL94 and UL99 is essential for the
proper localization of UL94 and UL99 to the AC and for HCMV
replication.

MATERIALS AND METHODS
Cell culture and virus infections. Human foreskin fibroblast (HFF) cells
were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% (vol/vol) fetal calf serum (HyClone), 100 units/ml penicillin, and 100
�g/ml streptomycin in an atmosphere of 5% CO2 at 37°C. For protein
stability experiments, medium containing cycloheximide at a concentra-
tion of 50 �g/ml was added to 293T cells at 48 h posttransfection with
hemagglutinin (HA)-tagged UL94 (HAUL94) or FLAG-tagged UL99
(FLAGUL99) expression plasmids. MG132 was used at a final concentra-
tion of 10 �M. For HCMV infections, HFF cells were infected for 2 h at
37°C. Following 2 h incubation, the inoculum was removed and replaced
with fresh complete medium. All infections were carried out with HCMV
strain AD169 derived from either the ADCRE (33) or ADCREGFP (5)
bacterial artificial chromosome (BAC).

Cloning and site-directed mutagenesis. Plasmids containing single
amino acid substitutions were generated using a QuikChange Lightning
site-directed mutagenesis kit (Stratagene) according to the manufactur-
er’s protocol. Briefly, UL94pENTR/D-TOPO (15) was used as the tem-
plate for PCR mutagenesis using complementary mutagenic primers con-
taining the desired nucleotide changes. Residual template was digested
using DpnI enzyme, and mutagenized plasmids were transformed into
electrocompetent Escherichia coli cells. Plasmids were isolated, and direct
sequencing was employed to verify the presence of the desired mutations.
UL99 internal deletion mutant plasmids were generated by PCR amplifi-
cation of FLAGUL99-dest-pcDNA3.1 (15) to generate linear PCR prod-
ucts missing the desired nucleotide sequences. Linear amplification prod-
ucts were gel purified, phosphorylated with T4-PNK (NEB), and ligated
with T4 DNA ligase (NEB). Resulting plasmids were transformed into
electrocompetent E. coli cells. Plasmids were isolated, and direct sequenc-
ing was employed to verify the presence of the desired mutations.

Yeast two-hybrid screen. The yeast two-hybrid screen was performed
using the ProQuest two-hybrid system (Invitrogen) as previously de-
scribed (15). Briefly, bait and prey plasmids were transformed into Sac-
charomyces cerevisiae strain MaV203 using a Frozen-EZ Yeast Transfor-
mation II kit (Zymo Research) according to the manufacturer’s protocol.
Transformants were selected on minimal synthetic agar medium contain-
ing dropout supplements lacking leucine and tryptophan (Leu-Trp�;
Clontech). Interactions were identified through activation of the HIS3
reporter gene. To assay for activation of the HIS3 reporter gene, multiple
colonies from each Leu-Trp� plate were resuspended in 0.9% NaCl and
spotted onto synthetic complete agar medium containing dropout sup-
plements lacking leucine, tryptophan, and histidine (Leu-Trp-His�;
Clontech). Plates were incubated for 3 days at 30°C and assessed for
growth.

Western blotting. Total protein was harvested by trypsinization, cen-
trifugation, and lysis in radioimmunoprecipitation assay (RIPA) lysis buf-
fer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.4 mM EDTA, 1% IPEGAL
detergent, 0.1% SDS, 0.5% deoxycholate) containing protease inhibitor
cocktail (Roche). Protein concentration was determined by the method of

Bradford. Lysates were boiled in 2� SDS sample buffer (62.5 mM Tris-
HCl, pH 6.8, 2.5% SDS, 20% glycerol, 1% �-mercaptoethanol). Proteins
were separated by SDS-PAGE, and Western blotting was performed. Pro-
teins were separated by electrophoresis on 10% polyacrylamide gels and
transferred to nitrocellulose membranes (Optitran; Whatman). Mem-
branes were blocked in 5% nonfat dry milk and probed with primary and
secondary antibodies. Immunoreactive proteins were detected by use of
an enhanced chemiluminescence system (Thermo).

Coimmunoprecipitation. At 24 h prior to transfection, 1 � 106 293T
cells were plated onto 6-cm dishes. On the next day, medium was changed
and the cells were transfected with 2 �g each of FLAG- and HA-tagged
expression constructs. Transfections were performed using a ProFection
mammalian transfection system (Promega) according to the manufactur-
er’s protocol. Total protein was harvested at 48 h posttransfection by
trypsinization, centrifugation, and lysis in NP-40 lysis buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 0.5% NP-40, 0.75% IPEGAL) containing protease
inhibitor cocktail (Roche). Immunoprecipitations were performed with
200 �g of total protein incubated with 3 �l rabbit anti-FLAG antibody for
2 h at 4°C. Protein complexes were precipitated with protein A/G plus
agarose (Santa Cruz Biotechnology) for 2 h at 4°C. Immunoprecipitates
were washed 3 times with NP-40 lysis buffer and boiled in 2� SDS sample
buffer (62.5 mM Tris-HCl, pH 6.8, 2.5% SDS, 20% glycerol, 1% �-mer-
captoethanol). Proteins were separated by SDS-PAGE, and Western blot-
ting was performed as described above.

Antibodies. The following antibodies used for Western blot analysis
were obtained from commercial sources: mouse anti-HA (16B12; Cova-
nce), rat anti-HA (3F10; Roche), mouse anti-UL99 (1207; Rumbaugh-
Goodwin Institute), mouse anti-FLAG (M2; Sigma-Aldrich), rabbit poly-
clonal anti-FLAG (F-7245; Sigma-Aldrich), and mouse anti-tubulin
(TU-02; Santa Cruz Biotechnology). The following horseradish peroxi-
dase-conjugated secondary antibodies were used for detection: goat anti-
mouse IgG (Molecular Probes), goat anti-mouse IgM (Chemicon), and
goat anti-rabbit IgG (Zymax). Alexa 546-conjugated Fab2 goat anti-
mouse (Molecular Probes) and Alexa 488-conjugated goat anti-rat (Mo-
lecular Probes) antibodies were used for immunofluorescence analysis.

Recombinant virus generation. Recombinant BAC DNAs were gen-
erated using a two-step Red recombination protocol in E. coli GS1783 as
previously described (26). Briefly, GS1783 cells containing parental
ADCRE (33) or ADCREGFP (5) BAC were grown to mid-log phase and
induced to express Red recombination proteins at 42°C for 15 min. In-
duced cells were made competent and transformed with 100 ng purified
PCR product composed of the kanamycin/I-SceI cassette flanked by com-
plementary viral DNA sequence containing the desired mutation. PCR
products were generated using the appropriate oligonucleotide primers
and pEP-Kan-S2 plasmid template (26). Transformed cells were plated on
LB agar plates containing chloramphenicol and kanamycin. Resulting col-
onies were screened for proper insertion of the Kan/I-SceI cassette by
PCR. GS1783 cells containing the desired Kan/I-SceI BAC were induced
to express I-SceI in medium containing 1% L-arabinose and plated on LB
agar plates containing 1% arabinose and chloramphenicol. Resulting col-
onies were replica plated to identify clones that were kanamycin sensitive,
indicating removal of the Kan/I-SceI cassette. Recombinant BACs were
screened by restriction digestion, PCR, and DNA sequencing to confirm
the presence of the desired mutations. Recombinant viruses were gener-
ated by transfecting �1 �g BAC DNA and 5 �g pp71-pCGN expression
plasmid into 5 � 106 HFF cells via electroporation (950 �F, 260 V). Cells
were seeded into dishes, and infectious virus was harvested when 100%
cytopathic effect was observed. Infectious titers for all viruses were deter-
mined by plaque assay on HFF cells.

Complementation of UL94 mutant virus. The UL94C250A mutant
virus was propagated in cells stably transduced with LEX lentivirus (Open
Biosystems) expressing HAUL94 (HAUL94LEX lentivirus) as previously
described (16). Cells transduced with the HAUL94LEX lentivirus were
selected for by culture in medium containing 1.5 �g/ml puromycin.
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Immunofluorescence analysis. HFF cells on glass coverslips were
washed in phosphate-buffered saline (PBS) and fixed in 4% paraformal-
dehyde in PBS at room temperature for 10 min. Fixed cells were washed
and permeabilized in PBS-T (PBS, 0.05% Tween 20, 0.1% Triton X-100).
Cells were blocked with PBS-T, 0.5% bovine serum albumin, and 1% goat
serum for 30 min, followed by sequential incubation with primary and
secondary antibodies in a humidified chamber at 37°C. Cells were incu-
bated with Hoechst to stain nuclei and mounted in 90% glycerol. Fluo-
rescence was visualized on a Zeiss Axiovert 40 CFL microscope. Images
were taken using a Jenoptik ProgRes C10 plus camera equipped with
ProgRes CapturePro (version 2.8.0) software.

RESULTS
UL94 and UL99 alter each other’s localization. We and others
have shown that both UL94 and UL99 exhibit a different pattern
of localization in infected cells compared to the localization ob-
served when each protein is expressed alone (16, 19). We sought to
determine whether UL94 and UL99 influence each other’s subcel-
lular localization in the absence of other viral proteins. HFF cells
were transfected with plasmids expressing HA-tagged UL94,
UL99, or both. Cells were fixed and stained for immunofluores-
cence analysis at 48 h posttransfection. As shown in Fig. 1, when
UL94 was expressed alone we observed a diffuse pattern of local-
ization throughout both the nucleus and cytoplasm of the trans-
fected cell, as previously described (Fig. 1, top row) (16). When
UL99 was transfected alone, UL99 protein was observed through-
out the cytoplasm with an irregular punctate appearance, likely
due to its association with cytoplasmic membranes of the endo-
plasmic reticulum-Golgi intermediate compartment (ERGIC), as
previously described, (Fig. 1, middle row) (23). In contrast, when
UL94 and UL99 were expressed together, the subcellular localiza-
tion of UL94 and UL99 was dramatically altered, in that UL94
protein was largely excluded from the nucleus and both proteins
displayed an identical perinuclear pattern of localization (Fig. 1,
bottom row). These data demonstrate that UL94 and UL99 alter
each other’s localization in the absence of other viral proteins.

UL94 protein is stabilized in the presence of UL99. We and
others have shown that UL94 and UL99 interact in the absence of
other viral proteins (Fig. 2A) (12, 15, 27). In cells cotransfected

with UL94 and UL99, we routinely observed a modest but repro-
ducible increase in the levels of UL94 protein compared to the
levels of UL94 observed when transfected alone (Fig. 2A, cell ly-
sates; compare lanes 2 and 3). In contrast, UL99 is present in equal
amounts regardless of the presence of UL94 (data not shown).
This led us to hypothesize that UL99 stabilizes UL94.

To test this hypothesis, we first sought to determine whether
UL99 expression leads to an increase in UL94 protein levels in a
dose-dependent manner. Cells were cotransfected with a static
amount of HAUL94 plasmid and increasing amounts of
FLAGUL99 plasmid, as indicated. Total protein was harvested at
48 h posttransfection for Western blot analysis. As shown in
Fig. 2B, we observed an increase in the levels of UL94 protein that
positively correlated with the increasing amount of UL99 trans-
fected. Tubulin was used as a loading control to ensure that equal
amounts of cell lysates were analyzed.

This increase in the levels of UL94 observed upon cotransfec-
tion with increasing amounts of UL99 led us to predict that the
half-life of UL94 protein may be extended in the presence of UL99.
To assess whether UL99 influences the half-life of UL94 protein,
cells were transfected with either HAUL94 alone or cotransfected
with HAUL94 and FLAGUL99 expression plasmids. Cyclohexi-
mide was added to the culture medium at 48 h posttransfection to
inhibit new protein synthesis. Total protein was harvested at the
indicated times after cycloheximide treatment for Western blot
analysis. We observed that in the absence of UL99, levels of UL94
protein were rapidly reduced upon the inhibition of new protein
synthesis (Fig. 2C, left). In contrast, in the presence of UL99, UL94
levels remained constant and were significantly higher than those
observed when UL94 was expressed alone (Fig. 2C, right).

Finally, to elucidate the mechanism by which UL94 degrada-
tion occurs in the absence of UL99, we investigated whether UL94
levels could be restored in the presence of cycloheximide by pro-
teasome inhibition. Cells were transfected with HAUL94 plasmid
alone or cotransfected with FLAGUL99 as indicated and treated
with cycloheximide with or without the proteasome inhibitor
MG132. Total protein was harvested at 9 h posttreatment and
analyzed by Western blotting. Inhibition of proteasome activity
resulted in a restoration of UL94 levels to those observed in un-
treated cells (Fig. 2D; compare lanes 1 and 3). Taken together, the
data shown in Fig. 2 suggest that UL94 protein is stabilized by
UL99 in a proteasome-dependent manner.

Conserved cysteine residues of UL94 are involved in binding
UL99. To investigate the functional significance of the interaction
between UL94 and UL99, we first sought to identify the amino
acids of both UL94 and UL99 that are required for their binding.
We started by constructing a panel of UL94 truncation mutants
through stepwise deletions from both the N and C termini of the
345-amino-acid UL94 protein. These truncations were then tested
for their ability to bind UL99 in a yeast two-hybrid assay. We
found that all truncations of UL94 protein completely abolished
the ability of UL94 to bind UL99 in the yeast two-hybrid assay
(data not shown). Next, we analyzed the expression of the UL94
truncation mutants in transfected cells to assess the expression
levels of truncated forms of UL94 protein. We were unable to
detect appreciable levels of any of the truncated forms of UL94 by
Western blot analysis (data not shown). These results suggest that
UL94 is sensitive to mutation, in that the full length of the UL94
protein may be required for the proper expression and stability of
the protein, and are consistent with those from other studies at-

FIG 1 UL94 and UL99 alter each other’s localization. HFF cells were trans-
fected with plasmid DNA expressing HAUL94, UL99, or both. Cells were fixed
and stained for immunofluorescence analysis at 48 h posttransfection. UL94
was detected with anti-HA antibody (green). UL99 was detected with anti-
UL99 antibody (red). Nuclei are stained with Hoechst (blue). Images are rep-
resentative of results obtained from five independent transfections.
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tempting mutagenesis of UL94 or its herpes simplex virus 1
(HSV-1) homolog UL16 (8, 12, 32).

As a herpesvirus core gene, UL94 is conserved among all mem-
bers of the Herpesviridae family, and alignment of UL94 with its
homologs reveals the presence of several conserved amino acid
residues in the C terminus of the protein (31). We predicted that
due to the conservation of the interaction between UL94 and
UL99 homologs in other herpesviruses, the interaction between
UL94 and UL99 may involve these conserved residues. Therefore,
we mutated several cysteine residues that are conserved among
UL94 homologs and have been shown to be important for binding
of the HSV-1 homologs UL16 and UL11 (32). The amino acid
sequence of UL94 that encompasses the conserved cysteine resi-
dues is shown in alignment with the sequence of selected UL94
homologs in Fig. 3A. The cysteines mutated for our mapping stud-
ies are highlighted. Each of the conserved cysteine residues was
mutated to alanine using site-directed mutagenesis. As a control
mutation, we also mutated the cysteine residue at amino acid po-
sition 204, as it is not conserved among the UL94 homologs. We
then tested these mutants for their ability to bind UL99 in the yeast
two-hybrid assay (Fig. 3B). We found that all of the cysteine mu-
tants retained their ability to bind UL99, with the exception of the
C250A mutant. We also observed a moderate but reproducible
decrease in the growth of yeast cells expressing the C252A muta-
tion when plated on selective medium, suggesting that this muta-
tion may cause a decrease in UL99 binding and thus a reduction in
the activation of the HIS3 reporter gene necessary for growth on
plates lacking histidine.

To verify the results of the yeast two-hybrid assay, we analyzed
the ability of the UL94 cysteine mutants to bind UL99 by coim-
munoprecipitation from transfected cells. Due to the apparent
sensitivity of UL94 to mutation, we first sought to determine
whether the cysteine mutations affected the levels of UL94 expres-
sion. Cells were transfected with plasmids expressing wild-type or
mutant HAUL94 as indicated. Total protein was harvested at 48 h
posttransfection for Western blot analysis. As shown in Fig. 3C,
mutation of the cysteines at positions 200 and 204 had little effect
on the levels of UL94 expression compared to those for wild-type
UL94 (Fig. 3C, left, lanes 1 to 3). In contrast, the remaining cys-
teine mutations at amino acid positions 227, 250, 252, and 256
each resulted in a decrease in the levels of UL94 expression com-
pared to that for wild type (Fig. 3C, left, lanes 4 to 7). We next
asked whether the level of mutant forms of UL94 could be in-
creased by cotransfection of UL99, as was observed with wild-type
UL94. As shown in Fig. 3C, we observed a significant increase in
the levels of the UL94 C227A and C256A mutants in the presence
of UL99 (Fig. 3C, lanes 4 and 7; compare the left and right panels).
In contrast, we observed only a modest increase in the levels of
UL94 in cells transfected with the UL94 C250A and C252A mu-
tants in the presence of UL99 (Fig. 3C, lanes 5 and 6; compare the
left and right panels). Interestingly, the C227A and C256A mu-
tants that appeared to be stabilized by UL99 were those that also
retained their ability to bind UL99 in the yeast two-hybrid assay.

FIG 2 UL99 interacts with and stabilizes UL94 protein. (A) 293T cells were
transfected with HAUL94 alone or with FLAGUL99. Total protein was har-
vested at 48 h posttransfection, and immunoprecipitation (IP) was performed
with anti-FLAG antibody. Immune complexes were separated by SDS-PAGE,
and Western blotting (WB) was performed with anti-HA antibody. (B) 293T
cells were cotransfected with the indicated amounts of plasmid DNA express-
ing HAUL94 and FLAGUL99. Total protein was harvested at 48 h posttrans-
fection, and levels of UL94 and UL99 protein were analyzed by Western blot-
ting. (C) 293T cells were transfected with plasmid DNA expressing HAUL94
alone or cotransfected with FLAGUL99, as indicated. Cells were treated with
cycloheximide (CHX) at 48 h posttransfection. Total protein was harvested at
the indicated times after cycloheximide treatment, and levels of UL94 and

UL99 were analyzed by Western blotting. (D) 293T cells were transfected with
plasmid DNA expressing HAUL94 alone or cotransfected with FLAGUL99, as
indicated. Cells were treated with cycloheximide and MG132 at 48 h posttrans-
fection, as indicated. Total protein was harvested at the indicated times after
treatment, and levels of UL94 and UL99 were analyzed by Western blotting.
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Conversely, the UL94 C250A and C252A mutants that exhibited
little stabilization by UL99 also exhibited no or significantly re-
duced binding to UL99 in the yeast two-hybrid assay (Fig. 3B).
These results suggest that stabilization of UL94 by UL99 requires
their interaction and that mutant forms of UL94 that are unable to
bind UL99 also show a defect in expression levels.

To confirm the results of the yeast two-hybrid assay, we assayed
each of the UL94 cysteine mutants for their ability to bind UL99 by
coimmunoprecipitation. As shown in Fig. 3D (top), we observed
significant levels of UL94 immunoprecipitated with UL99 in cells
transfected with wild-type, C200A, C204A, C227A, and C256A
UL94. We were also able to detect UL94 in the immunoprecipitate
of cells transfected with the C252A mutant; however, the level was
dramatically reduced compared to that of wild-type UL94
(Fig. 3D, lane 7). We did not observe detectable levels of the UL94
C250A mutant in the immunoprecipitate (Fig. 3D, lane 6); how-
ever, the levels of the UL94 C250A mutant present in the cell lysate
were also reduced compared to those for wild-type UL94.

To determine whether the absence of an interaction between
UL94 C250A and UL99 resulted from the low level of UL94 ex-
pression, we treated transfected cells with MG132 to increase the

levels of the UL94 C250A protein in the cell lysate. Coimmuno-
precipitation was performed as described above, and the levels of
UL94 C250A bound to UL99 were determined by Western blot
analysis. We found that while UL94 C250A is stabilized under
conditions of proteasome inhibition (Fig. 3E, cell lysates, lane 4),
we were still unable to detect appreciable amounts of UL94 C250A
in the immunoprecipitate.

Taken together, these results are consistent with the results of
the yeast two-hybrid analysis and demonstrate that the cysteine
residues at amino acid positions 250 and 252 of UL94 are likely
involved in binding UL99. These results are also consistent with
mutational analysis of HSV-1 UL16, which showed that the same
cysteines are required for binding UL11 (32). Based on the com-
bination of the yeast two-hybrid assay and coimmunoprecipita-
tion results, we chose the UL94 C250A mutant for analysis of the
interaction between UL94 and UL99 in the context of infection.

UL99 amino acids 37 to 39 are required for binding UL94. In
addition to identifying the amino acids in UL94 that are required
for the interaction with UL99, we also sought to map the interac-
tion with respect to the amino acid residues of UL99 that are
required for binding UL94. UL99 is a 190-amino-acid myristoy-

FIG 3 Mapping UL94 interaction domains. (A) Amino acid sequence alignment of residues 200 to 256 of HCMV UL94 with its homologs in varicella-zoster virus
(VZV), herpes simplex virus 1 (HSV1), Epstein-Barr virus (EBV), and human herpesvirus 6 (HHV6). Cysteine residues that were mutated to alanine for mapping
studies are indicated with an asterisk. (B) Yeast cells were cotransformed with bait plasmid expressing wild-type (WT) UL99 and prey plasmid expressing
wild-type UL94 or the indicated UL94 mutant. Interactions were assessed by growth of cotransformed cells on medium lacking histidine. (C) 293T cells were
transfected with plasmid DNA expressing the indicated HAUL94 alone (left) or with FLAGUL99 (right). Total protein was harvested at 48 h posttransfection, and
levels of UL94 and UL99 were analyzed by Western blotting. (D) 293T cells were cotransfected with plasmid DNA expressing the indicated HAUL94 and
FLAGUL99. Total protein was harvested at 48 h posttransfection, and immunoprecipitation was performed with anti-FLAG antibody. Immune complexes were
separated by SDS-PAGE, and Western blotting was performed with anti-HA antibody. (E) 293T cells were cotransfected with plasmid DNA expressing the
indicated HAUL94 and FLAGUL99 and treated with MG132 for 9 h prior to protein harvest, as indicated. Total protein was harvested at 48 h posttransfection,
and immunoprecipitation was performed with anti-FLAG antibody. Immune complexes were separated by SDS-PAGE, and Western blotting was performed
with anti-HA antibody.

UL94-UL99 Interaction Is Required for HCMV Replication

September 2012 Volume 86 Number 18 jvi.asm.org 9999

http://jvi.asm.org


lated tegument protein. Several mutational analyses have been
performed to identify the domains of UL99 that are necessary and
sufficient for its essential function. Generation of C-terminal
UL99 truncations in the context of the viral genome demonstrated
that the N-terminal 57 amino acids of UL99 are necessary and
sufficient for both wild-type virus replication and incorporation
of UL99 into virions (10, 23). Later studies confirmed these results
and further defined an essential region of UL99 between amino
acids 34 and 43. Mutant viruses lacking these essential regions are
completely defective for replication and exhibit defects in the traf-
ficking of UL99 to the AC and in its retention there. These defects
ultimately result in the absence of virion envelopment and thus
the production of infectious progeny (21–23).

Based on these previous studies, we began our mutational anal-
ysis of UL99 by assaying a panel of UL99 C-terminal truncation
mutants for their ability to bind UL94 in the yeast two-hybrid
assay. We generated constructs expressing the first 123, 90, 61, and
33 amino acids of UL99, as these mutants have been previously
tested for their ability to support virus replication (23). In addi-
tion, we tested two internal deletion mutants lacking amino acids
26 to 33 or 26 to 43 of UL99 (UL99 �26-33 and UL99 �26-43,
respectively). As shown in Fig. 4A, the first 61 amino acids of UL99
are sufficient for binding UL94, whereas a truncation containing
only the first 33 amino acids of UL99 (UL99 1-33) does not bind
UL94. In addition, while deletion of amino acids 26 to 33 does not
affect the ability of UL99 to bind UL94, extending the deletion to
encompass amino acids 26 to 43 completely abolishes binding to
UL94. The results obtained from the yeast two-hybrid analysis
were confirmed by coimmunoprecipitation analysis from trans-
fected cells (data not shown). Taken together these results suggest
that the region of UL99 required for binding UL94 is located be-
tween amino acids 34 and 43 and support the hypothesis that the
interaction between UL94 and UL99 is essential for virus replica-
tion, as mutant forms of UL99 that are incapable of supporting
virus replication (UL99 1-33 and UL99 �26-43) are also defective
for binding UL94.

We next wanted to confirm the yeast two-hybrid assay results
as well as further define the amino acids of UL99 that are critical
for binding UL94. We therefore constructed three additional in-

ternal deletions spanning the region from amino acids 34 to 43.
We then analyzed the ability of these UL99 internal deletion mu-
tants to bind UL94 by coimmunoprecipitation from transfected
cells. As shown in Fig. 4B (top), we were able to detect binding of
UL99 �26-33 to UL94 at levels similar to the levels observed with
wild-type UL99 (Fig. 4B, lanes 2 and 3). In contrast, we observed
no binding between UL99 �26-43 and UL94 (Fig. 4B, lane 4),
confirming the results of the yeast two-hybrid assay. We also dem-
onstrated that deletion of amino acids 37 to 39 completely abol-
ished binding of UL99 to UL94, whereas deletion of the amino
acids directly adjacent to these residues had no effect on binding
(Fig, 4B, lanes 5 to 7). Analysis of the levels of UL94 in the lysates
of cells cotransfected with these UL99 mutants further demon-
strated that in the absence of the interaction between UL94 and
UL99, there was a decrease in the level of UL94 expression (Fig.
4B, UL94 cell lysates, lanes 4 and 6). In contrast, UL99 �26 to 43
and UL99 �37-39 were expressed at levels equal to or greater than
those of wild-type UL99, suggesting that UL94 does not stabilize
UL99.

These results demonstrate that amino acids 37 to 39 of UL99
are essential for the interaction between UL99 and UL94. We
therefore chose the UL99 �37-39 mutation to further investigate
the functional significance of the interaction between UL94 and
UL99 in the context of infection.

Mutations that abolish the interaction between UL94 and
UL99 also prevent virus replication. The ultimate goal of our
mapping studies was to identify mutations that abolish the inter-
action between UL94 and UL99 to then investigate the functional
relevance of those mutations in the context of viral infection. To
this end, we generated recombinant bacterial artificial chromo-
some (BAC) constructs incorporating the UL94 C250A mutation
and the UL99 �37-39 mutation into the HCMV genome. In ad-
dition, we generated control constructs carrying the UL94 C204A
and UL99 �40-43 mutations, neither of which has any effect on
the interaction between UL94 and UL99. As additional controls,
the UL94 C250A and UL99 �37-39 mutations were repaired to
confirm the absence of secondary mutations elsewhere in the ge-
nome. The BAC constructs generated and the relative locations of
the mutations inserted are depicted in Fig. 5A and D. Recombi-

FIG 4 Mapping UL99 interaction domains. (A) Yeast cells were cotransformed with bait plasmid expressing wild-type UL99 or the indicated UL99
mutant and prey plasmid expressing UL94. Interactions were assessed by growth of cotransformed cells on medium lacking histidine. (B) 293T cells were
cotransfected with plasmid DNA expressing HAUL94 and the indicated FLAGUL99. Total protein was harvested at 48 h posttransfection, and immuno-
precipitation was performed with anti-FLAG antibody. Immune complexes were separated by SDS-PAGE, and Western blotting was performed with
anti-HA antibody.
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nant BACs were generated using the UL94HA ADCREGFP paren-
tal BAC (15), as described in Materials and Methods. Generation
of the desired recombinant BAC was verified by restriction diges-
tion, PCR, and direct sequencing of BAC DNA (data not shown).
To assess the production of replication-competent virus, HFF
cells were cotransfected with BAC DNA and pp71 expression plas-
mid. Generation of infectious virus was monitored by cytopathic
effect and green fluorescent protein (GFP) expression from the
viral genome.

Visual analysis of GFP expression in cells transfected with
UL94 C250A BAC DNA showed the presence of single GFP-pos-
itive cells representing those that were initially transfected with
BAC DNA; however, we did not observe any subsequent spread of
GFP expression to other cells in the culture. This result suggests
that the UL94 C250A mutant is completely defective for viral
growth. HFF cells transfected with the UL94 C204A control mu-
tant and the UL94 C250A repair BAC exhibited significant cyto-
pathic effect as well as spread of GFP expression indistinguishable
from that observed in cells transfected with the UL94HA parental
BAC (data not shown), suggesting that these constructs are com-
petent for virus replication. Because the UL94 C250A mutation
results in a block in virus replication, we used a previously de-
scribed UL94 complementation system to generate stocks of this
mutant for further analysis (16). UL94 C250A BAC DNA was
transfected into HAUL94-complementing HFF cells. Virus was
harvested when cells exhibited 100% cytopathic effect, and then
the titer on complementing cells was determined. The resulting
UL94 C250A mutant virus grew slowly and to low titers (�104

PFU/ml), similar to the previously described UL94-null virus
(16).

UL94HA (16), UL94 C204A, UL94 C250A, and UL94 C250A
repair viruses were then used to infect HFF cells at a multiplicity of
0.01 PFU/cell to measure the levels of replication for each mutant.
Total progeny virus from both cells and supernatant were har-
vested from infected cells at 21 days postinfection, and titers on
HAUL94-complementing cells were determined. Figure 5B shows

that while UL94HA, UL94 C204A, and UL94 C250A repair viruses
replicated to similar titers by 21 days postinfection, the UL94
C250A mutant did not produce any infectious progeny virus.
These results demonstrate that the cysteine residue at amino acid
position 250 of UL94 is essential for virus replication.

Because the C250A mutation results in a decrease in UL94
expression levels in transfected cells, we also sought to determine
the levels of UL94 expression in cells infected with the UL94
C250A mutant virus. HFF cells were infected at a multiplicity of
0.05 PFU/cell with either the UL94 C250A or UL94 C250A repair
virus, and total protein was harvested at 96 h postinfection for
Western blot analysis. As shown in Fig. 5C, we observed com-
parable levels of both immediate-early genes and UL99 in cells
infected with the UL94 C250A mutant or the UL94 C250A
repair virus, suggesting that the C250A mutation does not af-
fect the initiation of infection or the expression of viral late
genes. Consistent with the results of our transfection studies,
there was a decrease in the levels of UL94 C250A compared to
those of wild-type UL94, indicating that this mutation also
affects the stability of UL94 in the context of infection. How-
ever, we were able to detect appreciable amounts of UL94
C250A protein, suggesting that the absolute growth defect ob-
served with the UL94 C250A mutant virus is not likely due to a
complete absence of UL94 expression.

We also generated several recombinant BAC constructs carry-
ing mutations in the UL99 open reading frame to investigate the
significance of the interaction between UL94 and UL99 during
infection (Fig. 5D). Transfection of HFF cells with the UL99
�37-39 mutant indicated that this mutation causes a complete
inhibition of viral growth, as evidenced by the appearance of single
GFP-positive cells with the absence of subsequent spread of
infection. In contrast, cells transfected with the UL99 �40-43
or the UL99 �37-39 repair BAC produced infectious virus to
levels similar to those produced by the parental UL94HA BAC
(data not shown). Our ability to recover infectious virus from
the UL99 mutant BAC-transfected cells is summarized in Fig.

FIG 5 Generation of recombinant viruses. (A) Schematic diagram of UL94 mutations incorporated into the viral genome. Nucleotide changes incorporated to
change cysteine residues to alanine are indicated. AA, amino acid. (B) UL94 mutant virus stocks were generated from HAUL94-complementing HFF cells.
Viruses were then used to infect noncomplementing HFF cells at a multiplicity of 0.01 PFU/cell, and total virus was harvested at 21 days postinfection. Titers of
progeny virus were determined on HAUL94-complementing HFF cells. (C) HFF cells were infected at a multiplicity of 0.05 PFU/cell, and total protein was
harvested at 120 h postinfection. Levels of viral proteins were analyzed by Western blotting. IE1/2, immediate-early proteins 1 and 2. (D) UL99 mutant BACs were
transfected into HFF cells, and virus replication was monitored by cytopathic effect and GFP expression from the viral genome. Recovery of infectious virus from
BAC-transfected cells for each mutant is indicated. Rep, repair.
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5D. Despite repeated attempts to complement the growth de-
fect of the UL99 �37-39 mutant using HFF cells expressing
wild-type UL99 from a retroviral vector, we were unable to
generate any infectious virus containing the UL99 �37-39 mu-
tation for further analysis. Nonetheless, the results of our BAC
transfections strongly suggest that amino acids 37 to 39 of
UL99 are required for virus replication as well as for the inter-
action between UL94 and UL99.

Proper localization of UL94 and UL99 during infection re-
quires their interaction. We previously demonstrated that UL99
exhibits aberrant subcellular localization during infection in the
absence of UL94 (16). Based on those results and the observation
that UL94 and UL99 are capable of altering each other’s localiza-
tion in transfected cells, we hypothesized that the proper localiza-
tion of both proteins during the course of infection is dependent
on their ability to interact. To test this hypothesis, we sought to
determine the subcellular localization of UL94 and UL99 in cells
infected with viruses containing mutations that abolish their in-
teraction.

Because we have a complementation system for propagating
UL94 mutant viruses, we were able to assess the localization of
UL94 and UL99 in the context of infection by directly infecting
HFF cells with the virus generated from HAUL94-complementing
cells. For immunofluorescence analysis of infected cells, HFF cells
were infected with the UL94 C250A or control viruses at a multi-
plicity of 0.01 PFU/cell. These viruses were produced from the
parental BAC ADCRE UL94HA, which does not express GFP,
allowing for the simultaneous immunofluorescent staining of
both UL94 and UL99. Cells were fixed at 96 h postinfection and
stained for UL94 and UL99 using anti-HA and anti-UL99 anti-
bodies, respectively. As shown in Fig. 6A, during infection with the
UL94HA virus, UL94 (green) and UL99 (red) both accumulated
at the juxtanuclear AC, as previously described (Fig. 6A, top row)
(16). Similar results were observed in cells infected with the UL94
C204A control mutant virus (Fig. 6A, second row). In contrast,
during infection with the UL94 C250A virus, both UL94 and UL99
exhibited largely diffuse localization throughout the cytoplasm
and did not appear to accumulate to appreciable levels at the AC
(Fig. 6A, third row). When the UL94 C250A mutation was re-
paired, we observed a restoration of juxtanuclear localization for
both UL94 and UL99 identical to that observed during infection
with the UL94HA virus (Fig. 6A, bottom row). These results dem-
onstrate that the cysteine residue at amino acid position 250 of
UL94 is required for UL99 binding, virus replication, and the
proper localization of both UL94 and UL99 to the AC during
infection.

As mentioned previously, we were unable to complement
the growth defect of the UL99 �37-39 mutant by providing
UL99 in trans. We therefore assessed the localization of UL94
and UL99 in BAC-transfected cells, a method that has previ-
ously been used to analyze the phenotype of mutants in the
absence of sufficient complementation to generate virus stocks
(1, 25, 30). UL99 mutations were inserted into the parental
ADCRE UL94HA BAC that does not express GFP, allowing for
the simultaneous staining of UL94 and UL99, as described
above. HFF cells were transfected with BAC DNA and fixed for
immunofluorescence analysis at 8 days posttransfection to al-
low sufficient expression of viral late genes (1).

In cells transfected with the UL94HA parental BAC, we ob-
served the expected juxtanuclear localization of both UL94 and

UL99 at the AC (Fig. 6B, top row). A similar pattern of localization
was observed in cells transfected with the UL99 �40-43 BAC (Fig.
6B, second row), demonstrating that a mutation that does not
affect the interaction between UL94 and UL99 also does not pre-

FIG 6 Localization of UL94 and UL99 during infection. (A) HFF cells were
infected with the indicated virus at a multiplicity of 0.01 PFU/cell. Cells were
fixed at 96 h postinfection, and immunofluorescence analysis was performed
with the indicated antibodies to visualize viral proteins. (B) HFF cells were
transfected with the indicated BAC DNA. Cells were fixed at 8 days posttrans-
fection, and immunofluorescence analysis was performed with the indicated
antibodies to visualize viral proteins. UL94 was detected with anti-HA anti-
body (green). UL99 was detected with anti-UL99 antibody (red). Nuclei are
stained with Hoechst (blue). Images are representative of results obtained
from three independent infections (A) or BAC transfections (B).
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vent their localization to the AC. In contrast, in cells transfected
with the UL99 �37-39 BAC, both UL94 and UL99 exhibited dif-
fuse cytoplasmic localization (Fig. 6B, third row), suggesting that
neither protein is properly trafficking to the AC. Repairing the
UL99 �37-39 mutation resulted in a restoration of the wild-
type pattern of localization for both UL94 and UL99 (Fig. 6B,
bottom row), demonstrating that the aberrant localization ob-
served in cells transfected with the UL99 �37-39 BAC results
specifically from the UL99 �37-39 mutation. These data sug-
gest that amino acids 37 to 39 of UL99 are required for the
interaction between UL94 and UL99, virus replication, and
the proper localization of both UL94 and UL99 to the AC in the
context of infection.

DISCUSSION

The mechanisms that facilitate the assembly of mature HCMV
particles in the cytoplasm of infected cells are poorly understood.
While the events that result in virion maturation remain largely
undefined, many reports have demonstrated a crucial role for teg-
ument proteins in virion assembly and morphogenesis. UL99
(pp28) is essential for secondary envelopment of virions in the
cytoplasm. In the absence of UL99, partially tegumented but non-
enveloped capsids accumulate in the cytoplasm of infected cells
(24). Our previous characterization of a UL94-null mutant dem-
onstrated that the growth phenotype of HCMV in the absence of
UL94 expression is virtually identical to that of a UL99-deletion
mutant (16).

UL94 and UL99 physically interact in the absence of other viral
proteins (12, 15, 27). We also demonstrated that this interaction
occurs during late times in infection, when progeny virus is being
assembled and released from infected cells (15). Further, the
proper localization of UL99 to the AC in infected cells requires the
expression of viral late genes (23). Based on these observations and
the fact that deletion of either UL94 or UL99 results in an absolute
defect in secondary envelopment, we hypothesized that the inter-
action between UL94 and UL99 is essential for HCMV replication
at the stage of virion assembly.

Both UL94 and UL99 exhibit different patterns of localization
in transfected cells compared to the localization observed during
infection (16, 19). Therefore, we first investigated whether UL94
and UL99 are capable of altering each other’s localization in the
absence of other infected-cell proteins. Figure 1 demonstrates that
the localization of each protein is altered compared to that ob-
served when both proteins are expressed together, demonstrating
that UL94 and UL99 are able to redirect each other’s localization
in the absence of infection. These results are consistent with the
observation that UL99 exhibits aberrant localization in infected
cells in the absence of UL94 (16).

We repeatedly observed during the course of our immunopre-
cipitation analyses that the levels of UL94 detected by Western
blotting were reproducibly lower in the absence of UL99 expres-
sion (Fig. 2A). We further demonstrated that UL99 is capable of
effecting an increase in UL94 protein levels in a dose-dependent
manner (Fig. 2B), that the half-life of the UL94 protein is extended
in the presence of UL99 (Fig. 2C), and that the degradation of
UL94 in the absence of UL99 occurs in a proteasome-dependent
manner (Fig. 2D). In contrast, levels of UL99 remain unaffected
by cotransfection with increasing amounts of UL94 (data not
shown). Further, analysis of UL94 protein levels in cells trans-
fected with mutant forms of either UL94 or UL99 that abolish

their ability to interact demonstrates that this stabilization effect is
dependent on their interaction (Fig. 3C and 4B). These results
suggest that any mutation that disrupts the interaction between
UL94 and UL99 will also result in a decrease in UL94 protein
levels.

To assess the functional significance of the interaction between
UL94 and UL99 during HCMV infection, we sought to identify
the amino acids of each protein that are involved in their binding.
Site-directed mutagenesis of conserved cysteine residues of UL94
demonstrated that the cysteine residue at amino acid position 250
is involved in UL99 binding (Fig. 3B and D). Incorporation of this
mutation into the viral genome revealed that C250 of UL94 is
essential for virus replication, as indicated by the complete inabil-
ity of this mutant to generate infectious progeny (Fig. 5B). Fur-
ther, we observed that in cells infected with the UL94 C250A mu-
tant virus, neither UL94 nor UL99 appeared to localize to the AC
and instead remained largely diffuse throughout the cytoplasm
(Fig. 6A). Taken together, these results suggest that amino acid
C250 of UL94 is required for the interaction between UL94 and
UL99, for the proper localization of each protein to the AC, and
for virus replication. In addition to disrupting the interaction be-
tween UL94 and UL99, mutation of UL94 C250 also resulted in a
decrease in UL94 expression that could not be restored by coex-
pression of UL99 (Fig. 3C and D). Therefore, caution must be
taken when interpreting the effect of the UL94 C250A mutation
on virus replication. While our results with the UL94 C250A mu-
tant are consistent with the hypothesis that the interaction be-
tween UL94 and UL99 is essential for virus replication, we cannot
rule out the possibility that the growth defect observed is due to
decreased levels of UL94 expression in cells infected with the UL94
C250A mutant. However, we were able to detect UL94 during
infection with the UL94 C250A mutant virus by immunofluores-
cence and Western blot analysis (Fig. 5C and 6A). Further, the
observation that UL94 is stabilized in the presence of UL99 and
that this stabilization requires their interaction, along with the
results of the UL99 mapping studies, strongly suggests that the
interaction between UL94 and UL99 is required for virus replica-
tion.

Our mapping studies also led to the identification of amino
acids 37 to 39 of UL99 as the region involved in binding UL94 (Fig.
4B). These amino acids are part of a region that has previously
been demonstrated to be essential for UL99 function and thus for
virus replication (23). Deletion of UL99 amino acids 37 to 39 in
the context of the viral genome resulted in a complete inhibition
of the production of infectious virus (Fig. 5D). Further, immuno-
fluorescence analysis of UL94 and UL99 in cells transfected with
the UL99 �37-39 mutant genome demonstrated that both pro-
teins are aberrantly localized compared to the pattern of localiza-
tion observed in cells transfected with the UL94HA or control
BAC (Fig. 6B).

A previous report demonstrated that UL99 multimerizes in
both transfected and infected cells and is detected in a predomi-
nantly dimeric form by nondenaturing gel electrophoresis and
sedimentation analysis (22). Mutagenesis carried out to map the
amino acids required for the UL99 self-interaction showed that
amino acids 34 to 43 of UL99 are important but not essential
for its dimerization. Fluorescence resonance energy transfer
(FRET) analysis was used to demonstrate that UL99 multim-
erization occurs only after its localization to the AC (22). Given
the possibility of temporal differences in the association of
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UL99 with UL94 and with itself, essential roles for UL99 mul-
timerization and for the interaction between UL94 and UL99
during infection are not mutually exclusive. For example, it is
possible that the interaction between UL94 and UL99 occurs
first and is responsible for trafficking UL99 to the AC. Once
there, UL94 may dissociate from the region of UL99 encom-
passing amino acids 37 to 39, allowing UL99 multimerization.
Further studies would be necessary to elucidate the individual
roles of the UL94-UL99 interaction and the multimerization of
UL99 in the proper assembly of virions.

Based on our results, it appears that the interaction between
UL94 and UL99 is required for each protein to traffic to the AC
during infection. Analysis of the sequence requirements for traf-
ficking of UL99 to the AC demonstrated that at steady state late in
infection (�6 days postinfection), only those forms of UL99 con-
taining at least the first 50 amino acids were detected at the AC
(23). Further, the localization of UL99 to the AC required a late
viral gene product, as evidenced by a defect in UL99 trafficking in
the presence of a viral DNA synthesis inhibitor (23). Phenotypic
analysis of UL99 mutant viruses demonstrated that the localiza-
tion of UL99 to the AC is required for secondary envelopment of
virions (21). Therefore, we propose a model in which the interac-
tion between UL94 and UL99 results in the localization of UL99 to
the AC and in its retention there, likely through additional inter-
actions of the UL94-UL99 complex with other yet to be identified
proteins. Further studies are under way to identify additional
binding partners of UL94 and UL99 and to elucidate the spatial
and temporal relationships between viral and cellular protein in-
teractions that are involved in the assembly and envelopment of
infectious HCMV virions.
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